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Environmental stress factors caused by climate change affect plant growth and crop
production, and pose a growing threat to sustainable agriculture, especially for tree crops.
In this context, we sought to investigate the responses to climate change of two Prunus
rootstocks (GF677 and Adesoto) budded with Catherina peach cultivar. Plants were
grown in 15 L pots in temperature gradient greenhouses for an 18 days acclimation period
after which six treatments were applied: [CO2 levels (400 versus 700 µmol mol-1),
temperature (ambient versus ambient + 4°C), and water availability (well irrigated versus
drought)]. After 23 days, the effects of stress were evaluated as changes in physiological
and biochemical traits, including expression of relevant genes. Stem water potential
decreased under drought stress in plants grafted on GF677 and Adesoto rootstocks;
however, elevated CO2 and temperature affected plant water content differently in both
combinations. The photosynthetic rate of plants grafted on GF677 increased under high
CO2, but decreased under high temperature and drought conditions. The photosynthetic
rates of plants grafted onto Adesoto were only affected by drought treatment.
Furthermore, in GF677–Catherina plants, elevated CO2 alleviated the effect of drought,
whereas in those grafted onto Adesoto, the same condition produced acclimation in the
rate. Stomatal conductance decreased under high CO2 and drought stress in both grafted
rootstocks, and the combination of these conditions improved water-use efficiency.
Changes in the sugar content in scion leaves and roots were significantly different
under the stress conditions in both combinations. Meanwhile, the expression of most
of the assessed genes was significantly affected by treatment. Regarding genotypes,
GF677 rootstock showed more changes at the molecular and transcriptomic level than
did Adesoto rootstock. A coordinated shift was found between the physiological status
and the transcriptomic responses. This study revealed adaptive responses to climate
change at the physiological, metabolic, and transcriptomic levels in two Prunus rootstocks
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budded with 'Catherina'. Overall, these results demonstrate the resilient capacity and
plasticity of these contrasting genotypes, which can be further used to combat ongoing
climate changes and support sustainable peach production.
Keywords: Prunus rootstocks, elevated CO2, warming, drought, osmotic potential, water-use efficiency, soluble
sugars, gene expression
INTRODUCTION

Peach is the third most important temperate fruit tree species of
the Rosaceae family, behind apples and pears (FAOSTAT, 2018;
http://faostat.fao.org), with China being the largest producer
(14.3 million tons), followed by European countries (Spain,
Italy, and Greece) and the United States. In 2017, world
growth area and production were 1.52 million hectares and
24.7 million tons, respectively. Peach is grown in temperate
areas and it is routinely grafted on rootstocks for adaption to
different soil and climate conditions. Predictions for new climate
scenarios, which include an increase in temperature, alterations
in rainfall patterns, and increasing frequency of extreme climate
events, are likely to negatively affect global agriculture, especially
in Mediterranean regions (IPCC, 2014; FAO, 2016; IPCC, 2018).
This concern is especially relevant for peach trees because
warming temperatures will impact negatively flowering and
production (Gogorcena et al., 2020). In this situation, it is still
more critical to choose the correct rootstock–scion combination
to cope with the effects of climate change.

In the last century, climate change (high CO2 concentration
and temperature, and limited availability of water) has become a
major concern for the scientists. According to long-term
warming trends since pre-industrial times, temperatures are
estimated to have increased by 0.1 to 0.3°C per decade across
the world (IPCC, 2014; IPCC, 2018) and the mean global
temperature is expected to increase by 1.5°C between 2030 and
2052 if it continues to rise at the current rate (IPCC, 2018).
Atmospheric CO2 concentrations have risen at an accelerated
pace since the start of the industrial revolution. For the one
thousand years prior to the industrial revolution, CO2 levels were
stable at about 280 µmol mol-1. Nowadays, this concentration is
approximately 53% higher at 414 µmol mol-1 (NOAA Mauna
Loa Atmospheric Baseline Observatory, 2019). By the end of this
century, it is predicted to reach 700 µmol mol-1 (Long et al., 2004;
Ainsworth et al., 2008; Salazar-Parra et al., 2018). To cope with
such catastrophic climate change, plants need to develop a width
spectrum of physiological, biochemical, and molecular programs
to rapidly sense change and adapt. In this context, understanding
how peach may respond and adapt to future increases in CO2

concentration, temperature, and drought is critical for the
agricultural fruit sector.

Previous studies have shown that elevated CO2 concentrations
stimulate photosynthetic carbon gain and net primary production
(Leakey et al., 2009; Medina et al., 2016; Afzal et al., 2018).
However, in long-term experiments, it has been reported that
the initial stimulation of photosynthesis decreases due to
.org 2
acclimation of photosynthetic capacity (Leakey et al., 2009;
Aranjuelo et al., 2011; Salazar-Parra et al., 2015; Medina et al.,
2016), and that environmental or genetic factors predispose plants
to greater or lesser variation (reviewed in Arp, 1991; Leakey et al.,
2009 and references therein; Medina et al., 2016). Moreover,
elevated CO2 improves nitrogen-use efficiency and decreases
water use in leaves (Medina et al., 2016). Furthermore, elevated
CO2 stimulates leaf dark respiration via a transcriptional
reprogramming of metabolism in soybean, but not in other
species (Leakey et al., 2009).

It is well accepted that water scarcity will dramatically
increase due to climate change and will become a major
problem for crop production by limiting the growth and
productivity of many crop species. Water limitation in the near
future has resulted in strong interest in drought tolerance
afforded by rootstocks (Serra et al., 2014), which enable the
scion to grow and bear fruit. Plant responses to water limitation
are usually monitored through select morphological and
physiological traits (Jiménez et al., 2013; Santana-Veira et al.,
2016; Fathi et al., 2017; Afzal et al., 2018). Drought inhibits the
growth and development of plants, directly affecting the
photosynthetic process, resulting in physiological limitations
and transcriptional responses that may cause severe decreases
in plant yield (Jiménez et al., 2013; Nakashima et al., 2014; Ksouri
et al., 2016). Under these stress conditions, there are
physiological changes such as reduction of net photosynthesis,
and decreases in stomatal conductance and internal CO2

concentrations (Jones, 2007; Cattivelli et al., 2008; Lovisolo
et al., 2010). The decrease of stomatal conductance may lead to
the reduction of transpiration and water losses as well as to
overproduction of reactive oxygen species (ROS) and activation
of antioxidant enzymes (Gogorcena et al., 1995; Salazar-Parra
et al., 2012; Haider et al., 2017). The accumulation of metabolites
such as soluble carbohydrates and proline in leaves and roots of
Prunus (Jiménez et al., 2013; Haider et al., 2018), carbohydrates
and proline in leaves of pearl millet (Fabbrin et al., 2015), and
carbohydrates in citrus rootstocks (Pedroso et al., 2014; Santana-
Veira et al., 2016) have all been reported previously as a
consequence of drought stress.

Plant responses to elevated CO2 in combination with drought
stress and/or temperature increases have been widely studied in
different plant species, such as wheat (Erice et al., 2014; Medina
et al., 2016), grapevines (Kizildeniz et al., 2015; Salazar-Parra
et al., 2015; Martínez-Lüscher et al., 2016; Kizildeniz et al., 2018),
alfalfa, soybean, and other plant species (Aranjuelo et al., 2005;
Aranjuelo et al., 2006; Baslam et al., 2014; Gray and Brady, 2016
and references therein; Irigoyen et al., 2014; Kelly et al., 2016).
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These earlier studies have found that responses are genotype-
dependent; however, conflicting experimental results make it
difficult to draw general conclusions (Kelly et al., 2016). Some
studies have shown positive effects of elevated CO2 on water
stress tolerance in some wheat and grapevine genotypes, but
these effects were not universal. In wheat, elevated CO2

promoted plant growth and mitigated the deleterious effect of
drought on biomass decreases (Medina et al., 2016). In
grapevines, a protective effect of CO2 independent of
temperature was found concerning oxidative damage (Salazar-
Parra et al., 2015) and plant growth (Kizildeniz et al., 2015).
However, in bread wheat genotypes, the effect of CO2 and
drought interacted to cause oxidative stress (Bencze et al.,
2014), and in other woody species, such as American
sycamore, sweet gum, and sugar maple, it negatively affected
growth (Gray and Brady, 2016). Other changes under elevated
CO2 and drought stress have been described, such as a decrease
in Rubisco content and activity, changes in amino acids and N
content, and an increase in carbohydrates in wheat (Aranjuelo
et al., 2011), as well as increases in sugar and changes in organic
acids and anthocyanin content in grape berries (Kizildeniz
et al., 2015).

In fruit plant breeding, rootstocks have been shown to play an
important role in drought tolerance by adjusting the water
supply to the demands of shoot transpiration. In fact,
rootstocks are considered to confer drought and heat tolerance
to the scion (Iacono et al., 1998; Meggio et al., 2014; Serra et al.,
2014). Morphological and physiological changes were observed
in Prunus rootstocks subjected to water deprivation (Solari et al.,
2006; Jiménez et al., 2013). Apart from these changes, water-
stressed plants may accumulate proline and raffinose in leaves
and roots to protect membranes and enzymes, and to deal with
the deleterious effects of drought-induced oxidative stress
(Jiménez et al., 2013). Proline content in roots and leaves,
sorbitol in leaves, and raffinose in roots were all found to be
associated with increases in water-use efficiency (Jiménez et al.,
2013). Moreover, at the transcriptional level, changes in gene
expression were consistently found to support the accumulation
of these metabolites in root and leaf tissues in Prunus (Jiménez
et al., 2013) and in grapevines (Haider et al., 2017).

As mentioned above, agriculture productivity is strongly affected
by drought, temperature increases, and other forms of climate
changes (FAO, 2016; Afzal et al., 2018). In the future, plants will
not experience individual climate change factors, but will be exposed
to several interacting environmental effects at the same time (Gray
and Brady, 2016). Plant responses to elevated CO2, temperature, and
drought are genotype-dependent (Kizildeniz et al., 2015; Medina
et al., 2016; Kizildeniz et al., 2018) and the interactive effects of
environmental conditions and genotypic influences cannot be
anticipated by studying the effect of each individual climate change
factor. For this reason, to investigate plant responses where CO2

concentration, temperature, and water availability can bemodulated
simultaneously, gradient temperature greenhouses are needed to
enable comparisons of current climate with future predictions
(Morales et al., 2014). Previous investigations in these facilities
have been carried out by a number of authors for different
Frontiers in Plant Science | www.frontiersin.org 3
herbaceous plant species (Sanz-Sáez et al., 2012; Sanz-Sáez et al.,
2013; Fabbrin et al., 2015) and grapevines (Kizildeniz et al., 2015;
Salazar-Parra et al., 2015; Martínez-Lüscher et al., 2016; Kizildeniz
et al., 2018; Salazar-Parra et al., 2018), but never for Prunus spp and
never taking into consideration rootstock plasticity.

The aim of the present work is to investigate the physiological,
biochemical, and molecular responses of two contrasting Prunus
rootstocks (GF677 and Adesoto) budded with Catherina peach
cultivar to climate change-induced stresses (elevated CO2,
elevated temperature, and water deficit). Understanding how
rootstocks with different genetic background modulate the
response of peach trees under stress conditions and disentangle
the underlying molecular mechanisms will be very helpful to
develop resilient rootstocks in future breeding programs.
MATERIALS AND METHODS

Plant Material and Experimental
Conditions
Micropropagated GF677 (Prunus dulcis Miller × P. persica L.
Batsch) and Adesoto (P. insititia L.) rootstock plants were grown
for two weeks in 300 cm3 pots containing a peat substrate, then
they were micrografted with variety Catherina (P. persica L.
Batsch). Plants were transferred to 15 L containers with a
medium of 1:1 sand-peat substrate (TKS-1, Floragard,
Oldenburg, Germany) and 2 g kg−1 osmocote 14-13-13 (The
Scotts Company LLC, Marsyville, OH, USA). Plants were grown
for two months in an experimental greenhouse in Zaragoza, Spain
(41°43′N, 0°48′W) under normal day light conditions (14 h light/
10 h dark photoperiod) with mean day and night temperatures
and humidity of 24 and 18°C, and 51 and 67%, respectively. Plants
were divided randomly into eight groups (20 plants per group)
and were transferred to four greenhouses and grown at the
University of Navarra (Pamplona, Spain, 42°48′N, 1°40′W). All
temperature gradient greenhouses (TGGs) have been designed in a
modular way to have a temperature gradient (ambient to + 4°C)
and CO2 gassed inside to reach the desired CO2 concentration.
Treatments were a combination of two CO2 levels (ambient,
approximately 400 ppm and elevated, 700 ppm), two
temperature regimes (ambient temperature and ambient + 4°
C) for 18 d, a period that used for acclimation. Then plants
were subjected to two regimes of irrigation. Well-watered plants
were maintained at around 80% of the substrate field capacity. In
the water-deficit treatment, plants were watered daily with the 80%
of the evapotranspirated water (Jiménez et al., 2013). Then, in each
greenhouse, plants were irrigated and partially irrigated for 23 d.
Soil water sensors (Watermark soil moisture sensor, Spectrum
Technologies Inc., IL, USA) were placed into the pots and used for
irrigation control. Stems (leaves and main shoot) and roots were
harvested at 23 d, weighed (fresh weight, FW), and then oven-
dried (dry weight, DW) at 80°C for 48 h. For all treatments,
specific leaf area (SLA) was measured and chlorophyll (Chl)
concentration per unit leaf area was estimated using a SPAD
502 meter (Minolta Co., Osaka, Japan). Samples from plants
submitted to ambient and elevated CO2, ambient and elevated
February 2020 | Volume 11 | Article 43
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temperature, and control and drought stress for 23 d were
randomly collected. Root and leaf tissues from each treatment-
plant (four biological replicates) were rinsed in distilled water,
immediately frozen in liquid nitrogen and stored at -80°C until
their use for the molecular determinations.

Water Status
A single mature leaf (fifth expanded leaf) of each of the four
replicate plants was assayed for stem water potential (Ystem) at
day 23 of the experiment. Leaves were enclosed in aluminum
foil-covered plastic envelopes to stop transpiration and allow
equilibration with Ystem 30 min before measurement. Midday
Ystem were measured using a Schölander-type pressure
chamber (PMS instrument, Corvallis, OR, USA). After
measurements, leaves were wrapped in aluminum foil, frozen
in liquid nitrogen, and stored in plastic bags at -20°C (García-
Sánchez et al., 2007). After thawing, osmotic potential (Yp) was
measured with a Psychrometer Tru PSi SC10X (Decagon
Devices, Inc., Pullman, WA, USA).

Leaf relative water content (RWC) was measured on a mature
leaf (sixth expanded leaf) of the four replicate plants. Leaves were
immediately weighed to obtain a leaf FW and petioles were
submerged into water overnight in the dark. Fully hydrated
leaves were reweighed to obtain turgid weight (TW) and dried
at 80°C for 24 h to obtain DW. RWC was calculated as 100×(FW-
DW)/(TW-DW) according to Morgan (Morgan, 1984).

Photosynthetic Parameters
Photosynthetic rate (AN), stomatal conductance (gs), intercellular
CO2 concentration (Ci), and transpiration rate (E) were
measured after 23 d using a portable photosynthesis system
(LI-6400XT, Licor, Inc., Lincoln, NE, USA). Measurements were
conducted between 10:00 and 12:00 (GMT) in the same leaves
used for Ystem determinations (n = 4). Parameters were
measured with saturating light (1400 mmol m−2 s−1 provided
by an external light source), 400 mmol mol−1 CO2 and 30.5°C
(average leaf temperature during measurements). Water-use
efficiency (WUE) or instantaneous water-use efficiency was
calculated as the ratio between the photosynthetic rate and
stomatal conductance (AN/gs).

Osmotic-Regulating Compounds: Soluble
Sugars and Proline
Leaf and root soluble sugar content was determined by high-
performance liquid chromatography (HPLC). Plant tissue (n = 4)
was ground to a fine powder in a pre-cooled mortar with liquid
nitrogen. Polar compounds from ~0.1 g FW were extracted into
aqueous ethanol at 80°C, in three steps, each lasting 20 min (step 1:
0.75 ml of 80% ethanol; steps 2 and 3: 0.75 ml of 50% ethanol). The
mixture of each step was centrifuged for 10 min at 4800g and
slurries were pooled (Moing et al., 2004). The ethanol was allowed
to evaporate in a speed-vac and dry extracts were solubilized in 1 ml
double-distilled water. Soluble sugars were purified using ion
exchange resins (Bio-Rad AG 1-X4 Resin 200-400 chloride form,
Bio-Rad AG 50W-X8 Resin 200-400mesh hydrogen form, Bio-Rad,
Frontiers in Plant Science | www.frontiersin.org 4
Hercules, CA, USA). Samples were concentrated to 0.2 ml, filtered
and 20 ml was injected and analyzed by HPLC, using a Ca-column
(Aminex HPX-87C 300 mm × 7.8 mm column Bio-Rad) flushed
with 0.6 ml min−1 double-distilled water at 85°C with a refractive
index detector (Waters 2410) (Milford, MA, USA). Concentrations
of the main sugars (fructose, glucose, raffinose, sorbitol, sucrose, and
xylose) were calculated for each sample, using mannitol as an
internal standard. Sugar quantification was carried out with
Empower Login software from Waters, using commercial
standards (Panreac Química S.A. Barcelona, Spain). The amounts
of soluble sugars were reported as mg g−1 DW.

Leaf and root proline were determined using the methodology
described previously (Bates et al., 1973; Ábrahám et al., 2010).
Plant tissue (n = 4) was ground to a fine powder in a pre-cooled
mortar with liquid nitrogen. About 0.1 g of FW per sample was
homogenized with 3% sulfosalicylic acid (Panreac Química S.A.)
and the supernatant was reacted with ninhydrine (Sigma-
Aldrich, St. Louis, MO, USA). The absorbance was read at 520
nm and the free proline concentration was calculated from a
calibration curve using proline as a standard (Sigma-Aldrich).
Free proline content was reported as mg g−1 DW.

RNA Isolation and RT-qPCR
Frozen plant tissue (four biological replicates) was ground to a
fine powder in a pre-cooled mortar with liquid nitrogen and
subsequently total RNA was isolated from ~100 mg of FW
following the protocol of Meisel et al. (2005) with some
modifications. After DNase I treatment (Thermo Scientific,
Waltham, MA, USA) to eliminate possible genomic DNA
contamination, 2 mg of total RNA were reverse transcribed
using an oligo-(dT) 18 as a primer with RevertAid H Minus
first-strand cDNA synthesis system (Thermo Scientific). Samples
from cDNA synthesis were used to evaluate the expression of
genes involved in sorbitol metabolism and raffinose and proline
synthesis. These included sorbitol dehydrogenase (SDH),
sorbitol-6-phosphate dehydrogenase (S6PDH), raffinose
synthase (SIP1), D-1-pyrrolyne-carboxylate synthase (P5CS), D-
1-pyrrolyne-carboxylate reductase (P5CR), and ornithine
aminotransferase (OAT), which encodes an enzyme that
synthesizes a precursor for proline biosynthesis. Also,
phosphatidylinositol 4,5-bisphosphate (PIP2), which plays a
role in membrane transport, dehydration responsive element
binding protein (DREB2), ABA responsive element binding
protein (AREB2), and the homeodomain-leucine zipper protein
(HAT22) genes were assayed (Supplementary Table 1). Gene
sequences were identified by Blastn against the “Peach Genome
v1.0 predicted transcripts” database in GDR (http://
www.rosaceae.org) with an E-value of >1 × 10−5. Finally, gene-
specific primers were designed using Primer3Plus (Untergasser
et al., 2007). Real-time qPCR was carried out using the Kapa
SYBR Fast Maxter Mix (Kapa Biosystems, Cambridge, MA,
USA) on a Applied Biosystem 7500 Real Time PCR (Life
Technologies, Carlsbad, CA, USA) as described previously
(Ksouri et al., 2016). Fluorescence values were baseline-
corrected and averaged efficiencies for each gene and
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quantification cycle (Cq) values were calculated using
LinRegPCR program (Ruijter et al., 2009). Gene expression
was determined with the gene expression Cq difference (GED)
formula (Schefe et al., 2006) using Actin 2 as an internal reference
gene. Gene expression levels were normalized relative to the
values of the drought-tolerant GF677 under control conditions
(Jiménez et al., 2013; Ksouri et al., 2016). Normalized data
allowed for the comparison of the magnitude of gene
expression both across treatments and genotypes.

Statistical Analysis
Data were evaluated by three-way (2 CO2 × 2 temperature × 2
water regimes) analysis of variance (ANOVA) for each genotype-
tissue with SPSS 25.0.0 (Inc., Chicago, IL, USA). Previously, data
were normalized and evaluated by Levene's homoscedasticity test
and transformed if necessary. The main treatment parameters
(CO2, temperature, and drought) were evaluated alone and as
interactions. For simplicity in figures, only two-level interactions
(CO2 × Te) or triple (CO2 × Te × drought) were labeled. When
treatment interaction terms were significant (P ≤ 0.05), means
were separated using Duncan's multiple range test at P ≤ 0.05.
Means of two samples were compared using a Student t-test.
Regression analysis was carried out by Pearson's correlation.
RESULTS

Effect of Climate Change on Biomass,
Water Status and Physiological Traits
Biomass
After 23 d of treatment, elevated CO2 and drought modified
biomass in plants grafted on both genotypes whereas
temperature did not affect plant growth. High CO2

concentrations increased leaf and root DW only in grafted
GF677 plants, but decreased shoot/root DW ratio in both
genotypes (Table 1). In GF677–Catherina plants, elevated CO2

decreased specific leaf area, while drought decreased the shoot/
root ratio and increased SPAD values. Drought decreased leaf
DW in both genotypes and, as a consequence, the shoot/root
ratio also decreased.

Stem Water and Osmotic Potentials
Drought stress reduced stem water and osmotic potentials in
Catherina cv. grafted on both rootstocks, GF677 and Adesoto (P ≤
0.001). The Ystem in Catherina cv. grafted on Adesoto was also
affected by the CO2 concentration and temperature (P ≤ 0.001)
(Figure 1A). The osmotic potential,Yp, was significantly diminished
by elevated CO2 and affected by temperature (P ≤ 0.001) in plants
grafted on both rootstocks (Figure 1B). Elevated CO2 in plants
grafted on Adesoto and elevated temperature in those grafted on
GF677 increased stem water and osmotic potentials, respectively.

Photosynthetic Response and Gas Exchange
The photosynthetic rate (AN) of plants grafted on GF677
increased under elevated CO2, but decreased with high
temperature and drought (Figure 2). However, when plants
Frontiers in Plant Science | www.frontiersin.org 5
were grafted onto Adesoto rootstock, the photosynthetic rate
decreased only under drought stress condition. Stomatal
conductance (gs) of grafted plants on GF677 and Adesoto
rootstocks decreased with elevated CO2 concentration and
drought stress (Figure 2), while transpiration rate (E)
decreased only under drought stress condition. Elevated
temperature did not affect the Adesoto rootstock.

In both genotypes, the climate change-like conditions, except
for elevated temperature in Adesoto, improved the WUE
(Figure 2).

Interactive effects among treatments were found for both grafted
GF677 and Adesoto rootstocks, between CO2 and temperature (AN

in Adesoto, and gs in both genoypes, Figure 2), between CO2 and
drought (AN, E in GF677, and gs in both genotypes), and between
temperature and drought (E and WUE in both genotypes). A triple
interaction was found only in Adesoto–Catherina for transpiration
rate (E, Figure 2). Interaction between elevated temperature and
drought resulted in a higher WUE in drought stressed plants in
both genotypes.
TABLE 1 | Leaf and root dry weight (DW), shoot-to-root ratio, specific leaf area
(SLA), and SPAD in control and stressed Prunus rootstocks (GF677 and
Adesoto) budded with var. Catherina, after 23 days of treatment.

GF677 Leaf
DW (g)

Root
DW (g)

Shoot/
Root
DW
ratio

SLA
(cm2 g-

1 DW)

SPAD

Principal Effects
CO2 CO2 Amb 4.8 b 3.0 b 3.3 a 166 a 44

CO2 Elev 6.3 a 4.9 a 2.7 b 145 b 44

Temperature Te Amb 5.0 3.7 2.9 150 45
Te Amb+4°C 6.0 4.3 3.2 160 44

Irrigation Control 6.6 a 4.3 3.4 159 43 b
Drought 4.4 b 3.6 2.7 151 46 a

Signification
CO2 * ** * *** ns
Te ns ns ns ns ns
Irrigation ** ns * ns ***

Adesoto

Principal Effects
CO2 CO2 Amb 4.1 2.9 3.0 a 157 43

CO2 Elev 3.6 3.5 2.4 b 147 42

Temperature Te Amb 3.6 3.1 2.5 146 42
Te Amb+4°C 4.1 3.2 3.0 158 42

Irrigation Control 4.7 a 3.2 3.0 a 155 42
Drought 3.0 b 3.2 2.4 b 149 42

Signification
CO2 ns ns * ns ns
Te ns ns ns ns ns
Irrigation *** ns * ns ns
Fe
bruary 20
20 | Volum
e 11 | Ar
ticle
Three-way ANOVA was performed for linear model, on raw data. Significance: *P ≤ 0.05,
**P ≤ 0.01, ***P ≤ 0.001 and ns indicates not significant. Comparison means by Duncan's
test (P ≤ 0.05) were shown for the significant interaction among treatments. Different
letters indicate significant differences among data within the same factor. Amb, Ambient;
Elev, Elevated; Te, Temperature.
These data were presented at the conference of the Spanish Society of Plant Physiology
(Fattahi et al., 2019).
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Effect of Climate Change on Soluble
Carbohydrates and Proline Content
The biochemical responses involving sugars and proline content
in roots and leaves of 'Catherina' grafted on both rootstocks
(GF677 and Adesoto) subjected to stresses associated with
climate change for 23 d are shown in Tables 2 and 3. In roots,
elevated CO2 increased the concentration of glucose and total
sugars in both rootstocks, xylose in GF677, and fructose in
Adesoto (Table 2). In this study, we noticed that the content
of sorbitol and total sugars increased in response to high
temperature, but only in roots of Adesoto (Table 2B). In roots,
under drought stress condition, raffinose and proline
concentration increased in GF677, sorbitol decreased in
GF677, but increased in Adesoto rootstock, and fructose
decreased in Adesoto (Table 2). The interactive effects between
treatments also significantly increased the concentration of
sugars (Supplementary Tables 2 and 3). In GF677 rootstock,
the interaction between elevated temperature and irrigation
increased root raffinose and xylose concentration. In contrast,
in Adesoto rootstock, the interaction between elevated CO2 and
irrigation increased root glucose content.

Concerning leaves of 'Catherina' grafted on GF677, elevated
CO2 significantly increased the concentration of all sugars except
xylose, while leaves of ‘Catherina’ grafted on Adesoto rootstock
Frontiers in Plant Science | www.frontiersin.org 6
showed increases only for sucrose (Table 3). Elevated
temperature affected only leaves of the GF677–Catherina
combination, increasing the content of glucose and decreasing
the content of sucrose and proline. Drought had the same effects
for sucrose, xylose, and proline in leaves of both combinations.
Under drought stress, sucrose decreased, while xylose and
proline increased. Furthermore, in the GF677–Catherina
combination, this stress condition led to decreased fructose
and increased sorbitol content. Interactive effects of CO2 with
irrigation in GF677–Catherina led to increases in leaf sorbitol
and proline, but in Adesoto–Catherina, the triple interaction
(CO2 × temperature × drought) seemed to maintain the levels of
sucrose, sorbitol, and total sugars (Supplementary Tables 4
and 5).

Correlations Between the Physiological
Traits, Soluble Sugars, and Proline
Content
Pearson correlation analysis was conducted between the
physiological traits and content of biochemical compounds
after 23 d of climate change-like conditions. Osmotic potential
(YP) was negatively correlated with different sugar
concentration depending on the tissue and genotype studied.
In GF677–Catherina leaves, the content of sucrose, TSS, and
FIGURE 1 | (A) Stem water potential (Ystem) and (B) osmotic potential (Yp) in peach plants (variety Catherina) grafted on GF677 (GF) and Adesoto (AD) and
subjected to ambient (amb CO2) and high (CO2 elev) CO2, ambient (Te amb) and high (Te amb + 4°C) temperature, and control irrigation and drought for 23 days.
Vertical bars indicate the standard error (n = 4). Significant differences: *** P ≤ 0.001 and ns: non-significant.
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proline was negatively correlated with osmotic potential. In the
Adesoto–Catherina combination, the content of xylose in leaves,
sorbitol and TSS in roots, and proline in both tissues showed
negative correlation with osmotic potential. Photosynthetic rate
in leaves of 'Catherina' grafted on GF677 and Adesoto were
positively correlated with sucrose and proline. Positive
correlations were also detected between WUE and content of
Frontiers in Plant Science | www.frontiersin.org 7
sorbitol (0.521**, 0.534**), TSS (0.515**, 0.503**), and proline
(0.461**, 0.474**) in leaves of GF677–Catherina and roots of
Adesoto, respectively. Also in roots of plants grafted on GF677,
WUE was positively correlated with TSS (0.543**) and proline
(0.612***). The content of xylose in leaves of Adesoto–Catherina,
and raffinose in roots of GF677, were negatively correlated with
most of the physiological parameters except for WUE (Table 4).
FIGURE 2 | Photosynthetic rate (AN), stomatal conductance (gs), transpiration rate (E), and water-use efficiency (AN/gs) in peach plants (variety Catherina) grafted on GF677
(GF) and Adesoto (AD) and subjected to ambient (CO2 amb) and high (CO2 elev) CO2, ambient (Te amb) and high (Te amb + 4°C) temperature, and irrigation control (C), and
drought (D) for 23 days. Vertical bars indicate the standard error (n = 4). Significant differences: * P ≤0.05, ** P ≤0.01, *** P ≤0.001 and ns: non-significant. For the significant
double (CO2 × Te) and triple (CO2 × Te × D) interactions, differences among means are shown with different letters (Duncan's test, P < 0.05).
February 2020 | Volume 11 | Article 43

https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


Jiménez et al. Prunus for Peach Climate Change Adaptation
Effect of Climate Change on
Transcriptional Responses
After 23 d of growth under climate change conditions, samples
from roots and scion leaves of ‘Catherina’ budded on GF677 and
Adesoto rootstocks were collected to study the transcriptomic
responses. The transcript levels were evaluated by RT-qPCR for
nine and seven genes, in roots and leaves, respectively. We
focused on the significant changes under stress conditions
concerning relative gene expression (RNorm) in both tissues
and rootstocks (Tables 5 and 6).

For roots of GF677 rootstock (Table 5A), we found that the
CO2 treatment significantly decreased the transcript level of
raffinose synthase (SIP1), which encodes an enzyme involved in
raffinose biosynthesis. The temperature treatment strongly affected
Frontiers in Plant Science | www.frontiersin.org 8
the expression of genes related to sugar and proline metabolism, as
well as other genes associated with the drought stress responses.
We observed decrease expression of sorbitol dehydrogenase
(SDH) and sorbitol-6-phosphate dehydrogenase (S6PDH), key
enzymes of sorbitol catabolism and biosynthesis, respectively.
Elevated temperature also decreased the expression of D-1-
pyrrolyne-carboxylate synthase (P5CS), dehydration responsive
element binding protein 2 (DREB2), ABA responsive element
binding protein (AREB2), and homeodomain-leucine zipper
protein (HAT22). Finally, water deficit in roots of GF677 also
diminished the expression of SDH while the normalized
expression of S6PDH, D-1-pyrrolyne-carboxylate synthase
(P5CS), and D-1-pyrrolyne-carboxylate reductase (P5CR) was
upregulated (Table 5A). These results were consistent with the
TABLE 2 | Root soluble sugars and proline (mg g-1 DW) concentration (n=4) in ambient (amb CO2) and high (CO2 elev) CO2, ambient (Te amb) and high (Te amb + 4°C)
temperature, and control irrigation and drought-stressed GF677 (A) and Adesoto (B) Prunus rootstocks budded with cv. Catherina, after 23 days of treatment.

Roots Fructose Glucose Raffinose Sucrose Sorbitol Xylose Total sugars Proline

A) GF677

Principal Effects

CO2 CO2 Amb 4.5 11.9 b 1,3 17.6 14.2 0.6 b 50.1 b 1.0

CO2 Elev 5.4 20.0 a 1,2 21.0 13.7 1.0 a 62.2 a 1.3

Te Te Amb 4.4 14.6 1,2 20.5 13.6 0.9 55.1 1.0
Te Amb+4°C 5.6 17.5 1,3 18.2 14.2 0.8 57.5 1.4

Irrigation Control 4.7 14.6 0.9 b 18.3 16.2 a 0.8 55.5 0.7 b
Drought 5.3 17.4 1.6 a 20.3 11.7 b 0.8 57.1 1.7 a

Signification

CO2 ns *** ns ns ns ** ** ns

Te ns ns ns ns ns ns ns ns

Irrigation ns ns ** ns *** ns ns ***

CO2 × Te ns ns ns ns ns ns ns ns

CO2 × Irrigation ns ns ns ns ns ns ns ns

Te × Irrigation ns ns ** ns ns * ns ns

CO2 × Te × Irrigation ns ns ns ns ns ns ns ns

B) Adesoto

Principal Effects

CO2 CO2 Amb 4.7 b 18.7 b 0.6 26.3 18.6 0.9 70.5 b 0.9

CO2 Elev 5.8 a 23.6 a 0.7 30.5 20.3 1.1 82.7 a 1.0

Te Te Amb 5.0 21.4 0.7 27.4 15.3 b 0.9 71.3 b 0.9
Te Amb+4°C 5.4 21.0 0.7 29.5 23.3 a 1.1 81.4 a 1.0

Irrigation Control 5.9 a 19.7 0.6 30.7 14.2 b 1.1 72.6 0.9
Drought 4.6 b 22.6 0.8 26.4 24.4 a 1.0 80.2 1.0

Signification

CO2 ** * ns ns ns ns * ns

Te ns ns ns ns *** ns * ns

Irrigation ** ns ns ns *** ns ns ns

CO2 × Te ns ns ns ns ns ns ns ns

CO2 × Irrigation ns ** ns ns ns ns ns ns

Te × Irrigation ns ns ns ns ns ns ns ns

CO2 × Te × Irrigation ns ns ns ns ns ns ns ns
Febru
ary 2020 | Volume
 11 | Article 4
Three-way ANOVA was performed for linear model, on raw data. Significance: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 and ns indicates not significant. Comparison means by Duncan's test
(P ≤ 0.05) were shown for the significant interaction among treatments. Different letters indicate significant differences among data within the same factor. Amb, Ambient; Elev, Elevated;
Te, Temperature.
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increase in proline content in roots of GF677 under drought stress
(Table 2A). In roots of the Adesoto rootstock, only four genes
were affected by the climate change-like conditions (Table 5B).
Elevated CO2 significantly increased the transcript levels of
S6PDH and AREB2, while drought condition downregulated the
expression of SDH. The interactive effect of CO2 and irrigation
modified PIP2 gene expression, but without a clear trend
(Supplementary Tables 6 and 7). It is important to note that
under drought stress, gene regulation of sorbitol metabolism
(downregulated catabolism) was consistent with the increase in
sorbitol content in roots of Adesoto (Table 2B).

Our results showed that in ‘Catherina' scion leaves, elevated CO2

downregulated HAT22 when budded either on GF677 or Adesoto
(Table 6). When 'Catherina' was grafted on GF677, drought stress
significantly enhanced the expression of S6PDH, SIP1, and HAT22
(Table 6A, Supplementary Table 8). When 'Catherina' was grafted
on Adesoto, elevated CO2 and temperature, as well as its interaction,
significantly enhanced the expression of SDH in scion leaves (Table
6B, Supplementary Table 9). The transcript level of P5CR
decreased in the same rootstock with elevated CO2 and drought
stress treatments, but the double and triple interactions did not
Frontiers in Plant Science | www.frontiersin.org 9
follow the same trend (Table 6B, Supplementary Table 9).
Regarding the ornithine aminotransferase (OAT) gene, which
encodes an enzyme that synthesizes a precursor for proline
biosynthesis, significant differences in its expression were found
only when plants were grafted on Adesoto in the triple interaction,
but without a clear trend (Supplementary Table 9). Interestingly,
under drought stress conditions, gene regulation related to sorbitol
metabolism was consistent with the increase in sorbitol content in
scion leaves of GF677 (Table 3A). Furthermore, the lack of
accumulation of sorbitol in scion leaves of Adesoto under
elevated CO2 and temperature may be due to the upregulation of
its catabolism (SDH).

In summary, gene regulation under climate change
conditions was divers and depended on the stress, tissue, and
genotype (Supplementary Table 10). Concerning tissues, in
roots nine different genes associated with specific treatments
were modified; eight were affected in GF677, and four in
Adesoto. In leaves, five genes were differently expressed on cv.
Catherina budded on each rootstock, GF677 or Adesoto.
Concerning genotypes, GF677 rootstock showed differences in
the expression of 13 genes in both tissues, with roots (eight
TABLE 3 | Scion leaf soluble sugars and proline (mg g-1 DW) concentration (n = 4) in ambient (amb CO2) and high (CO2 elev) CO2, ambient (Te amb) and high (Te amb + 4°C)
temperature, and control irrigation and drought-stressed GF677 (A) and Adesoto (B) Prunus rootstocks budded with cv. Catherina, after 23 days of treatment.

Leaves Fructose Glucose Raffinose Sucrose Sorbitol Xylose Total sugars Proline

A) GF677

Principal Effects
CO2 CO2 Amb 8.4 b 11.1 b 0.3 b 40.2 b 80.6 b 1.2 142.1 b 1.7 b

CO2 Elev 10.3 a 14.2 a 0.4 a 60.5 a 90.9 a 1.3 177.3 a 3.1 a

Te Te Amb 9.7 11.4 b 0.4 54.6 a 83.0 1.2 160.2 2.9 a
Te Amb+4°C 8.9 13.9 a 0.4 46.1 b 88.5 1.3 159.5 2.0 b

Irrigation Control 10.2 a 12.1 0.4 53.4 a 79.4 b 1.1 b 157.7 2.2 b
Drought 8.4 b 13.1 0.4 47.3 b 92.1 a 1.4 a 163.4 2.6 a

Signification
CO2 ** ** ** *** * ns *** ***
Te ns * ns ** ns ns ns ***
Irrigation ** ns ns * * ** ns *
CO2 × Te ns ns ns ns ns ns ns ns
CO2 × Irrigation ns ns ns ns * ns ns **
Te × Irrigation ns ns ns ns ns ns ns ns
CO2 × Te × Irrigation ns ns ns ns ns ns ns ns

B) Adesoto

Principal Effects
CO2 CO2 Amb 9.1 15.9 1.0 39.0 b 91.1 1.4 157.2 2.6

CO2 Elev 9.2 16.6 0.4 47.2 a 86.2 1.4 161.3 2.6

Te Te Amb 9.6 15.9 0.4 46.2 85.3 1.4 158.1 2.8
Te Amb+4°C 8.8 16.6 0.9 40.5 91.0 1.4 159.4 2.4

Irrigation Control 9.2 17.7 0.4 51.5 a 89.3 1.2 b 169.3 1.9 b
Drought 9.2 15.0 1.0 35.5 b 87.4 1.6 a 149.1 3.2 a

Signification
CO2 ns ns ns * ns ns ns ns
Te ns ns ns ns ns ns ns ns
Irrigation ns ns ns *** ns *** ns ***
CO2 × Te ns ns ns ns ns ns ns ns
CO2 × Irrigation ns ns ns ns ns ns ns ns
Te × Irrigation ns ns ns ns ns ns ns ns
CO2 × Te × Irrigation ns ns ns * * ns * ns
February 20
20 | Volume 11 | A
Three-way ANOVAwas performed for linearmodel, on raw data. Significance: *P≤ 0.05, **P≤ 0.01, ***P≤ 0.001 and ns indicates not significant. Comparisonmeans by Duncan's test (P≤ 0.05) were
shown for the significant interaction among treatments. Different letters indicate significant differences among data within the same factor. Amb, Ambient; Elev, Elevated; Te, Temperature.
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genes) being more affected than scion leaves (five genes).
Adesoto rootstock was less affected and only nine genes were
modified, four genes in roots and five in scion leaves,
respectively. Finally, concerning stresses, in plants grafted on
GF677 rootstock, elevated CO2 significantly modified the
expression of only two genes, one in each organ tissue, while
elevated temperature affected six genes (all in roots), and as a
response to the irrigation treatment, seven genes (four in roots,
three in leaves) were differentially expressed. Concerning plants
grafted on Adesoto rootstock, CO2 treatment altered the
expression of five genes (two in roots and three in scion
leaves), while elevated temperature (in scion leaves) and
irrigation (in roots and scion leaves) modified the expression
of only one gene. Elevated temperature did not affect gene
expression in leaves of 'Catherina' grafted on GF677 or roots of
Adesoto rootstock. The triple interaction between CO2,
temperature, and irrigation affected only one gene (SIP1) in
'Catherina' grafted on GF677 rootstock (in leaf tissue) and three
genes in the Adesoto–Catherina combination (S6PDH in roots,
and P5CR and OAT in scion leaves). The double interaction
between treatments involved transcriptome variations mainly in
leaf tissues.
DISCUSSION

Effect of Climate Change-Like Conditions
(Elevated CO2 and Temperature, and Low
Irrigation) on Growth and Physiological
Status
The decrease in shoot/root DW ratio under elevated CO2 and
drought suggests that root growth is more stimulated than the
Frontiers in Plant Science | www.frontiersin.org 10
aerial part, which was also reported in other plant species
(Madhu and Hatfeld, 2013; Medina et al., 2016), although
these changes depend on interactions between genotype and
environment (Medina et al., 2016). Temperature did not affect
biomass as was reported in other plant species (Gray and Brady,
2016). Drought decreased leaf DW and shoot/root ratio in both
genotypes, which is in accordance with previous studies in
grapevine and wheat (Kizildeniz et al., 2015; Medina et al.,
2016) and in Prunus genotypes (Jiménez et al., 2013). Under
water deficit, investment in root growth over leaf growth has the
benefit of reducing the aerial part avoiding water loss via
transpiration (Gray and Brady, 2016). This effect was more
evident in plants grafted on the GF677 rootstock that also had
increased SPAD values as a consequence of the chlorophyll
accumulation. Elevated CO2 alone or in combination with
elevated temperature attenuated the negative effect of drought
on plant growth in both rootstocks (Fattahi et al., 2019), as was
reported previously for elevated CO2 in drought-stressed
grapevine plants (Kizildeniz et al., 2015) and in waterlogged
cherry rootstocks (Pérez-Jiménez et al., 2018). In the future,
climate change conditions may alleviate drought effects in
Prunus species, as has been reported for other trees (Kelly
et al., 2016).

The photosynthetic rates of plants grafted on GF677 were
higher with elevated CO2, but lower with elevated temperature
and drought stress. However, the photosynthetic rates of plants
grafted on Adesoto decreased only under drought stress
conditions. Previous work has shown that elevated CO2 can
lead to increases in photosynthetic rates in some plant species,
but often involve acclimation process that limit yield and
production of biomass. Under such conditions, we found in
plants grafted on GF677 an increase in photosynthesis and
biomass, while those grafted on Adesoto showed not
TABLE 4 | Pearson correlations between the physiological traits and biochemical content in leaves and roots of ‘Catherina’ plants grafted on GF677 and Adesoto
rootstocks and subjected to climate change conditions for 23 days (n = 32).

Rootstock Leaves Rootstock Roots

GF677 Fructose Sucrose Xylose Sorbitol TSS Proline GF677 Fructose Glucose Raffinose Sorbitol TSS Proline

Ystem 0.474** -0.494** 0.524** -0.585***

Yp -0.483** -0.507** -0.666***

RWC 0.507*** 0.402* -0.505** 0.547*** 0.583***

AN 0.553** 0.679*** 0.424* -0.367*
gs -0.501** 0.457* 0.431* -0.394*
E 0.493** -0.488** 0.584***

WUE 0.521** 0.515** 0.461** 0.727*** -0.379* 0.543** 0.612***

Adesoto Leaves Adesoto Roots
Ystem -0.716*** -0.642*** -0.533** 0.519** -0.681***

Yp -0.460** -0.391* -0.589*** -0.507** -0.507**

RWC
AN 0.610*** -0.529** 0.586*** 0.601*** -0.422*
gs -0.455** -0.508** -0.429* -0.443*
E 0.576*** -0.549*** 0.589*** 0.504** -0.447*
WUE 0.449* 0.534** 0.503** 0.474**
February
 2020 | Vo
lume 11 | A
Significance level: P ≤ 0.05 (*); P ≤ 0.01 (**) and P ≤ 0.001 (***);Ystem, stem water potential;Yp, osmotic potential; RWC, relative water content; AN, photosynthesis; gs, conductance; E,
transpiration; WUE, water use efficiency (AN /gs), TSS, total soluble sugars.
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significant changes. After 23 d of exposure to elevated CO2,
plants grafted on Adesoto rootstock showed acclimation effects
irrespective of the temperature and drought stress conditions, as
shown in grapevines (Leibar et al., 2015). Leakey et al. (2009)
described genetic factors that predispose plants to a greater
acclimation of photosynthesis and mentioned the importance
of an unbalance in sink capacity leading to increases in foliar
carbohydrates. Apparently, this is not the case in the Prunus
rootstocks studied herein, because photosynthetic acclimation
was not associated with carbohydrate accumulation in scion
leaves of GF677 or Adesoto (see sugars leaf/root ratio as fold
change in stress compare to control, Figure S1). Differences
expressed in a logarithmic basis often allow for easier
comparison of preferential compound accumulation in leaves
or roots. A positive value [Log2 (Stress/Control) > 1] indicates a
preferential accumulation in scion leaves under stress conditions.
On the contrary, a negative value [Log2 (Stress/Control) < 1]
indicates preferential accumulation in roots under stress
conditions. We found that in GF677–Catherina plants, elevated
Frontiers in Plant Science | www.frontiersin.org 11
CO2 led to increased leaf biomass, decreased SLA, and
accumulation of carbohydrates in roots and scion leaves did
not provoke acclimation. Similarly, a lack of such acclimation
was found in other species as Populus trees that export
photosynthates during the day and accumulate the overflow as
starch to avoid acclimation, which acts to maintain AN at
elevated CO2 (Scarascia-Mugnozza et al., 2006).

High temperature and drought are frequently co-occurring
stresses and they have a substantial impact on the performance
and vitality of plants (Afzal et al., 2018). However, at the
physiological level, temperature only affected plants grafted on
GF677. In these conditions, plants of GF677 showed significantly
decreased photosynthesis rates, reduced stomatal conductance,
and decreased transpirational water loss, compared to control
plants, as reported for grapevine (Leibar et al., 2015). Under
drought stress conditions plants grafted on Prunus rootstocks
showed a significant decrease in stem and osmotic potentials,
photosynthetic rate (AN), stomatal conductance (gs), and
transpiration rate, which is in agreement with previous studies
TABLE 5 | Gene expression (Rnorm values) in root tissue (n = 4) under ambient (amb CO2) and high (CO2 elev) CO2, ambient (Te amb) and high (Te amb + 4°C)
temperature, and control irrigation and drought-stressed GF677 (A) and Adesoto (B) Prunus rootstocks budded with cv. Catherina, after 23 days of treatment.

Roots SDH S6PDH SIP1 P5CS P5CR PIP2 DREB2 AREB2 HAT22

A) GF677

Principal Effects
CO2 CO2 Amb 9.5 0.03 1.1 a 0.5 1.8 0.1 0.4 0.2 1.4

CO2 Elev 9.1 0.01 0.9 b 0.7 2.1 0.1 0.3 0.2 1.7

Te Te Amb 13.3 a 0.03 a 1.2 0.7 a 2.2 0.1 0.5 a 0.2 a 2.1 a
Te Amb+4°C 5.3 b 0.01 b 0.7 0.5 b 1.7 0.1 0.2 b 0.1 b 1.0 b

Irrigation Control 14.5 a 0.01 b 0.6 0.3 b 1.6 b 0.1 0.4 0.2 1.7
Drought 4.02 b 0.03 a 1.4 0.9 a 2.3 a 0.1 0.4 0.2 1.3

Signification
CO2 ns ns * ns ns ns ns ns ns
Te *** ** ns * ns ns * *** ***
Irrigation *** ** ns *** * ns ns ns ns
CO2 × Te ns * ns ns ns ns ns ns ns
CO2 × Irrigation ns ns * ns ns ns ns * ns
Te × Irrigation *** * ns ns ns ns ns ns ns
CO2 × Te × Irrigation ns ns ns ns ns ns ns ns ns

B) Adesoto

Principal Effects
CO2 CO2 Amb 7.8 0.004 b 0.5 0.4 1.2 0.11 0.6 0.14 b 1.3

CO2 Elev 10.8 0.034 a 0.9 0.8 1.9 0.11 0.7 0.22 a 1.8

Te Te Amb 10.0 0.005 0.7 0.5 1.4 0.12 0.8 0.17 1.6
Te Amb+4°C 8.6 0.032 0.7 0.7 1.8 0.10 0.5 0.19 1.5

Irrigation Control 12.8 a 0.006 0.6 0.4 1.6 0.12 0.6 0.18 1.2
Drought 5.8 b 0.032 0.9 0.7 1.5 0.10 0.6 0.17 1.9

Signification
CO2 ns ** ns ns ns ns ns * ns
Te ns ns ns ns ns ns ns ns ns
Irrigation ** ns ns ns ns ns ns ns ns
CO2 × Te ns ns ns ns ns ns ns ns ns
CO2 × Irrigation ns ns ns ns ns ** ns ns ns
Te × Irrigation ns ns ns ns ns ns ns ns ns
CO2 × Te × Irrigation ns * ns ns ns ns ns ns ns
Fe
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Three-way ANOVA was performed for lineal model on raw data. Significance: *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 and ns indicates not significant. Comparison means by Duncan's test
(P ≤ 0.05) were shown for the significant interaction among treatments. Different letters indicate significant differences among data within the same factor. Amb, Ambient; Elev, Elevated;
Te, Temperature.
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(Mellisho et al., 2011; Jiménez et al., 2013; Pedroso et al., 2014;
Ksouri et al., 2016; Haider et al., 2018). Stomatal closure is one of
the earliest responses to water deficiency adopted by plants as a
water saving strategy (Long et al., 2006; Serra et al., 2014;
Nakhforoosh et al., 2015; Vicente et al., 2015; Pazzagli et al.,
2016) to decrease evaporative water loss and maintain a
water balance.

In plants grafted on both rootstocks, the combination of
climate change-like stress conditions improved water-use
efficiency (AN/gs) (Figure 2) except for temperature in
Adesoto–Catherina. Also, in both genotypes, the increase in
atmospheric CO2 concentration, alone or combined with
drought, decreased stomatal conductance and resulted in
increases in WUE, as reported for grapevine (Leibar et al.,
2015). On the contrary, Centritto and coworkers (Centritto
et al., 1999) observed neither reduction of stomatal
conductance nor changes in WUE in response to elevated CO2

in droughted cherry plantlets. In this study, elevated CO2

ameliorated the drought-induced decrease in photosynthesis
only in plants grafted on GF677.
Frontiers in Plant Science | www.frontiersin.org 12
Metabolic Rearrangements and
Transcriptional Regulation in Response to
Climate Change-Like Conditions (Elevated
CO2 and Temperature, and Low Irrigation)
Plant growth depends on assimilation of carbohydrates, which
are accumulated and mobilized in the form of soluble sugars
under stress conditions (Fabbrin et al., 2015; Sami et al., 2016). In
this experiment, changes in sugar content in scion leaves and
roots under climate stress conditions are summarized as fold
changes [FC = log(2) (Stress/control)] in Figure S2. Changes
(increase or decrease are positive or negative values, respectively)
were different between genotypes and among treatments and are
related to the biomass changes found in each genotype and tissue
combination. The increase in total sugars in roots and leaves in
plants grafted on GF677 was consistent with the increase in dry
weight in both tissues under elevated CO2 (Figure S2, Table 1).
In the same way, increases in fructose, glucose, and total sugars
in roots of Adesoto were consistent with the increase in root
growth (decrease of shoot/root DW ratio, Table 1). It has been
established that metabolic adjustments in response to
TABLE 6 | Gene expression (Rnorm values) in leaf tissue (n = 4) under ambient (amb CO2) and high (CO2 elev) CO2, ambient (Te amb) and high (Te amb + 4°C)
temperature, and control irrigation and drought-stressed GF677 (A) and Adesoto (B) Prunus rootstocks budded with cv. Catherina, after 23 days of treatment.

Leaves SDH S6PDH SIP1 P5CS P5CR OAT HAT22

A) GF677

Principal Effects
CO2 CO2 Amb 0.3 161.3 5.2 5.5 10.3 32.2 8.3 a

CO2 Elev 0.1 178.2 3.0 4.7 5.8 24.3 5.0 b

Te Te Amb 0.3 219.0 3.9 5.5 6.8 25.5 6.9
Te Amb+4°C 0.1 120.5 4.4 4.7 9.3 30.9 6.4

Irrigation Control 0.2 106.7 b 2.4 b 4.6 10.3 24.6 5.2 b
Drought 0.2 232.8 a 5.8 a 5.7 5.9 31.9 8.2 a

Signification
CO2 ns ns ns ns ns ns **
Te ns ns ns ns ns ns ns
Irrigation ns * ** ns ns ns *
CO2 × Te ns ns * * ** ns ns
CO2 × Irrigation ns ns ns ns * ns *
Te × Irrigation ns ns ns ns * ns ns
CO2 × Te × Irrigation ns ns * ns ns ns ns

B) Adesoto

Principal Effects
CO2 CO2 Amb 0.009 b 44.1 0.8 0.9 1.9 a 9.8 2.6 a

CO2 Elev 0.036 a 34.3 0.5 0.8 1.2 b 7.7 1.6 b

Te Te Amb 0.009 b 46.9 0.7 0.8 1.5 8.1 1.9
Te Amb+4°C 0.036 a 31.5 0.6 0.9 1.7 9.3 2.3

Irrigation Control 0.027 31.7 0.5 0.9 2.2 a 9.0 1.9
Drought 0.018 46.7 0.9 0.7 1.0 b 8.4 2.3

Signification
CO2 * ns ns ns * ns *
Te * ns ns ns ns ns ns
Irrigation ns ns ns ns ** ns ns
CO2 × Te * ns ns * ns ns ns
CO2 × Irrigation ns ns ns ns ns ns ns
Te × Irrigation ns ns ns ns * ns ns
CO2 × Te × Irrigation ns ns ns ns * * ns
February 2020 |
 Volume 11 | A
Three-way ANOVA was performed for lineal model on raw data. Significance: *P ≤ 0.05, **P ≤ 0.01 and ns indicates not significant. Comparison means by Duncan's test (P≤0.05) were
shown for the significant interaction among treatments. Different letters indicate significant differences among data within the same factor. Amb, Ambient, Elev, Elevated; Te, Temperature.
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unfavorable conditions are dynamic and multifaceted and not
only depend on the type and strength of the stress, but also on
the cultivar and the plant species (Krasensky and Jonak, 2012). In
this study, elevated CO2 led to an increase in sugars in scion
leaves and in roots in GF677 (Figure S2). However, only
fructose, raffinose, sucrose, and sorbitol accumulated (Figure
S1) more in scion leaves than in roots. Interestingly, in Adesoto
soluble sugar concentration, except for sucrose, increased mainly
in roots (Figure S2) and accumulated there (Figure S1) being
this tissue the main sink. In both genotypes, under elevated CO2,
independently of acclimation, the increase and accumulation of
sucrose in leaves did not limit photosynthesis neither in plants
grafted on GF677 nor Adesoto, which was supported by the
positive correlation between sucrose and AN. Furthermore, the
increase in proline and its accumulation in leaves of GF677–
Catherina plants under elevated CO2 may be linked to the role of
proline as a ROS scavenger protecting the photosynthetic
apparatus from oxidative damage.

Accumulation of particular osmolytes (soluble sugars and/or
proline) has been observed in different plant species under stress
conditions (Krasensky and Jonak, 2012; Baslam et al., 2014;
Fabbrin et al., 2015; Yu et al., 2015; Haider et al., 2017; Pérez-
Jiménez et al., 2018) and is thought to help maintain osmolarity.
Higher accumulation of compatible solutes may contribute to
drought tolerance by protecting the photosynthetic apparatus
(Krasensky and Jonak, 2012; Jiménez et al., 2013) and
maintaining osmotic homeostasis (Jiménez et al., 2013). In
particular, the increases in sorbitol in leaves, raffinose in roots,
and proline in both tissues were related to a decrease in osmotic
potential and an increase in WUE in Prunus rootstocks (Jiménez
et al., 2013). In this study, comparable results were found in
GF677 grown under drought stress (increases in raffinose and
proline in roots, and sorbitol, xylose, and proline in scion leaves).
In the GF677 rootstock under drought stress, sugars accumulated
in the same organs, but proline was allocated preferentially in
roots. In Adesoto, sorbitol, xylose, and proline increased (Figure
S2) and accumulated (Figure S1) under drought stress condition
in the same organs, in roots (sorbitol) and in scion leaves (xylose
and proline). These changes were also consistent with the
negative correlations found between the content of sugar and
proline in scion leaves and roots versus stem water and osmotic
potentials, indicating a role in maintaining water status in plants
grafted on GF677 and Adesoto rootstocks (Table 4). We suggest
that the accumulation of sorbitol, xylose, and proline in different
plant tissues may increase the tolerance of Prunus trees to
progressive drought stress (Figure S1). According to our
results, we suggest that proline may act as an osmolyte in roots
of GF677 and as a ROS scavenger in leaves of Adesoto–Catherina
(partially in GF677) to protect each from oxidative damage
(Krasensky and Jonak, 2012). In this regard, each genotype has
the capacity to accumulate active solutes as osmolytes and the
ability to maintain its own strategy to increase WUE.

Sorbitol is a major end product of photosynthesis that under
moderate drought conditions, is preferentially synthesized over
sucrose (Escobar-Gutiérrez et al., 1998), which is in agreement
with the significant increases in sorbitol content we observed in
Frontiers in Plant Science | www.frontiersin.org 13
scion leaves and roots and the decreased sucrose levels in scion
leaves in the drought-tolerant GF677. On the contrary, in
Adesoto, another pattern was found for sorbitol, which
increased only in roots and preferentially accumulated along
with sucrose in roots (Figures S1 and S2). Several studies on
Prunus rootstocks confirmed that sorbitol content in scion leaves
(Ranney et al., 1991; Haider et al., 2018) and in roots (Ranney
et al., 1991) were enhanced resulting in active osmotic
adjustment and decreased osmotic potential, which increased
plant resistance to drought stress (Arndt et al., 2000; Krasensky
and Jonak, 2012). Apparently, scion leaf sorbitol in GF677–
Catherina did not result in osmotic adjustment, while root
sorbitol in Adesoto rootstock negatively correlated with
osmotic potential (Table 4). Functions of sorbitol—other than
osmotic adjustment—such as translocation and storage of
carbon, cryoprotection, and prevention of reactive oxygen
species, have been described previously (Lo Bianco et al.,
2000). The osmotic adjustment of sorbitol in roots may
influence shoot/root partitioning patterns and root growth, and
may indirectly control plant growth in responses to water deficit
(Turner, 1986). We may speculate that the allocation of sorbitol
in roots of Adesoto may be a stimulus to increase the
photosynthetic rate and evade or reduce the acclimation process.

In order to shed light on the complex regulatory networks of
all changes at the molecular level caused by climate change-like
stress conditions, we followed the expression of genes that
regulate sugar and proline metabolism. Sorbitol levels were
determined by the balance between biosynthesis and
catabolism. Sorbitol is synthesized by S6PDH (sorbitol-6-
phosphate dehydrogenase) in source leaves, translocated
through phloem, and catabolized by SDH in fruit (Suzuki and
Dandekar, 2014) and other sink organs. As a result of drought
stress, the increase in sorbitol content in scion leaves of GF677
was consistent with the upregulation of S6PDH as found
previously in peach leaves (Sakanishi et al., 1998). However
under climate change-like stress conditions, SDH transcript
levels were not correlated with sorbitol content, suggesting that
other factors have significant regulatory effects, as other authors
have pointed out under control conditions (Wu et al., 2010).
Likewise, the enhanced expression of SIP1 in scion leaves of
GF677 under drought stress did not provide evidence supporting
a role of raffinose in stress tolerance as was reported in Prunus
rootstocks (Jiménez et al., 2013) or in Arabidopsis plants
(Krasensky and Jonak, 2012).

Proline is biosynthesized in plants through two successive
reductions catalyzed by 1-pyrroline-5-carboxylate synthetase
and pyrroline-5-carboxylate reductase (Verbruggen and
Hermans, 2008). In the present study, the significant increases
in P5CS and P5CR under drought stress were accompanied by
higher proline content in roots of the tolerant rootstock GF677 as
it was found in P5CS in GF677 and Cadaman rootstocks
(Jiménez et al., 2013). However, in leaves of 'Catherina' grafted
on Adesoto, we found the opposite. P5CR was downregulated
while proline content increased under drought stress without
evidences that confirmed the synthesis of proline precursor
through the ornithine alternative pathway (Miller et al., 2009).
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The apparent inconsistency for the downregulation of P5CR
under elevated CO2 and drought treatments and the increase of
proline in scion leaves of Adesoto could be explained by gene
regulation linked to the interaction. In line with the contrasting
results found in both genotypes in this study, Szabados and
Savoure (2010) reported that the correlation between proline
content and abiotic stress in plants is not always positive and
may be genotype-dependent.

Finally, to better establish differences among stresses and to
understand the regulation of the physiological and molecular
responses found among the genotypes, we explored gene
expression of stress-inducible and -responsive genes. It has been
described that many stress-inducible genes are enriched in motifs
that are binding targets of transcription factors (drought or ABA-
regulated genes) (Huang et al., 2008). Numerous gene families and
transcription factors (TFs) are implicated in the defense responses
to stress in plants through regulation of metabolites levels. DREB2,
which encodes a DRE/CRT-binding protein, activates the
expression of genes related to osmoprotectant and antioxidant
biosynthesis and whose expression is rapidly induced by osmotic
stress (Song et al., 2014). However, our results are in contrast with
the upregulation found under high temperature in poplar (Song
et al., 2014) and under drought stress in peach leaves (Haider et al.,
2018). In our experimental conditions, the lack of activation of
DREB2 could be due to elevated temperature or drought stress in
Prunus rootstocks not related to oxidative damage as found in
Arabidopsis (Hwang et al., 2012). Furthermore, AREB encodes a
major TF involved in abiotic stress responses in Arabidopsis
(Fujita et al., 2013; Nakashima et al., 2014). Overexpression of
AREB1 in rice and soybean improved drought tolerance (Oh et al.,
2005), while overexpression of AREB2 in apple led to increased
sugar accumulation (Ma et al., 2017). In our study, the
downregulation of AREB in roots of GF677 under elevated
temperature may be linked to the lack of significant
accumulation of sugars in this organ. On the contrary,
upregulation of AREB in roots of Adesoto under elevated CO2

treatment may be linked to the accumulation of total sugars
(Figure S1). Finally, the homeodomain-leucine zipper (HD-
ZPII) gene (HAT22) was upregulated in scion leaves of GF677
under drought stress conditions, as was found previously in cotton
plants as a response to drought stress (Hou et al., 2018) and in
Arabidopsis in response to ABA treatment and drought (Liu et al.,
2016). It has been reported that the dehydration-responsive
homeodomain-leucine zipper gene family (HD-Zips) show
modulated expression in response to dehydration in leaves and
roots (Deng et al., 2002), supporting the role of HD-Zips in
regulatory pathways that lead to desiccation tolerance. Results
found in plants grafted on GF677 may be in agreement with the
model proposed in Arabidopsis (Liu et al., 2016) concerning the
role of HAT22/ABIG1 TF. In this combination, drought may act
through ABA to increase HAT22 transcription to limit shoot
growth and promote leaf senescence. In contrast, in Adesoto–
Catherina the response concerning shoot growth and senescence
was less evident.

Taken into account all these transcriptomic changes, it
underscores the difficulty in understanding the global context of
Frontiers in Plant Science | www.frontiersin.org 14
multi-stress responses. The broad number of genes that are
differentially modified under environmental stress conditions
reveals the complex regulatory network of TFs controlling plant
responses at the morphological, physiological, and molecular level.
CONCLUSION

Climate change will alter future plant growth conditions and, in
this scenario, knowledge of the plasticity of Prunus rootstocks will
be critical for peach production. Elevated CO2, elevated
temperature, and drought stress were applied to simulate future
climate conditions and to compare two contrasting Prunus
rootstocks for ‘Catherina' peach at the physiological, molecular,
and transcriptomic level. This study revealed that the impact of
climate change was not uniform for Prunus species and the
responses depend on the genetic background and the
performance of the genotypes facing the stress in a specific manner.

In response to stress, morphological and physiological
changes were accompanied by molecular and transcriptomic
changes in a coordinated manner, but depending on the
rootstock. Elevated CO2 increased photosynthetic rates in
plants grafted on GF677, while in plants grafted in Adesoto,
acclimation was observed. At the molecular level, metabolite
content was affected by climate change-like stress factors such
that soluble sugars and proline were partitioned in different
shoot:root patterns depending on the stress and the genotype.
Under elevated CO2, osmoprotectants accumulated in leaves of
GF677–Catherina, while in Adesoto–Catherina these metabolites
accumulated mainly in roots. The metabolic adjustments
developed in response to stress involved pathways controlling
levels of sugar and proline that were highly coordinated and
regulated at the transcriptomic level (SDH, S6PDH, SIP1, P5CR,
and P5CS) in both tissues and genotypes.

Stress tolerance is a complex trait that is controlled by
multiple genes. GF677–grafted plants showed more changes
than those grafted on Adesoto, scion leaves were more affected
than roots, although some responses were quite similar for both
genotypes and varied depending on the stress and the affected
tissue. We conclude that both peach rootstocks may be tolerant
to climate change, but the strategies employed by each genotype
in response to stress are different and are associated with the
genetic background.

GF677 is a tolerant rootstock that utilizes a range of
machinery to maintain good performance, and control plant
growth and senescence under stress. At elevated CO2, plants
increase AN, and as a consequence, the rootstock needs to control
oxidative stress and plant growth. This genotype increased
proline content in scion leaves as a ROS scavenger and
downregulated HAT22 to avoid senescence and increase leaf
growth, to create a better balance with root growth. At elevated
temperature, no significant changes were found in growth, but all
transcriptomic changes were in roots to control root growth and
senescence via downregulation of genes (AREB2 to reduce the
accumulation of sugars and HAT22 to restrict growth and
senescence). Under drought stress, this rootstock controls leaf
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growth via the upregulation of HAT22, which may result in a
decrease in aerial growth in favor of root growth to improve
water uptake. Adesoto is a resilient rootstock suitable to grow
under climate change stress conditions. Under elevated CO2, this
rootstock is able to control photosynthesis, growth, and sugar
biosynthesis. It is also insensitive to elevated temperature, and
under drought stress, maintains water status through metabolic
balance among tissues. In scion leaves, HAT22 was
downregulated maintaining growth of the aerial part. In roots,
AREB2 was upregulated to promote accumulation of sugars and
indirectly stimulate photosynthesis. This study confirms the
importance of rootstocks in sensing stress, regulating of scion
growth, and conferring tolerance to the variety. This work
establishes a basis for developing screening methods that may
enable early selection of woody tree species adapted to new
environmental scenarios.
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